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1, INTRODUCTION 

The technological revolution in the world nowadays has discovered a lot of services and devices to 
assist people in their daily life, which one of them is wireless devices. Currently, wireless devices become 
essential in connecting plentiful users at anytime and anywhere, which require a low profile antenna. Planar 
inverted-F antenna (PIFA) can be categorized as one of the lowest profile antennas that used widely in a 
handheld wireless device that has several advantages of simple structure, small size, easy to fabricate and low 
manufacturing cost [1-4]. Furthermore, PIFA gives a smaller size compared to rod, monopole and helix 
antenna, which lead to easier locating and alignment between the components [4]. Hence, PIFA has become a 
popular antenna to be used for a portable wireless device such as a mobile phone that its design widely 
researched concerning all the wireless communication frequency between 835 MHz and 2.6 GHz [5-8]. 

Saraereh et. al in [5] proposed a design of PIFA by using air substrate that had a final dimension of 
36 mm x 80 mm. However, this work only concerned operating frequencies of 1.103 GHz and 2.225 GHz. 
Another design was introduced in [6] utilizing air substrate with a dimension of 40 mm x 80 mm. This design 
implemented a patch with a slot to tune the resonant frequency. Nevertheless, it only considered operating 
frequency that less than 1 GHz, which were 900 MHz and 1800 MHz that not covering all frequencies 
needed for the mobile phone. A design of PIFA with greater bandwidth was deliberated in [7] to cover UWB 
operation across 3.1 GH — 10.6 GHz. The design implemented a few slots on the patch that had a total 
dimension of 120 mm x 60 mm, which can be considered quite large for the use in mobile phone applications 
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that need compact size. Furthermore, it was not covering the concerned mobile frequencies below than 3 
GHz. While another design of PIFA that reported in [8] implementing FR-4 substrate. It also employed a few 
slots to cover two operational bandwidths, which one of them had a range from 1.0785 GHz to 1.325 GHz 
and another one from 2.275 GHz to 2.612 GHz with reflection coefficient optimized at -6 dB. It had a 
dimension of 100 mm x 41 mm, which also considered quite large but still can be used for mobile phone use. 
However, the design did not involve all mobile operating frequency. 

Thus, this article concerns the designs of PIFAs for the mobile operating frequencies below 3 GHz, 
which are 0.835 GHz, 0.9 GHz, 1.8 GHz, 1.9 GHz, 2 GHz, and 2.6 GHz. Rectangular-shaped patch is 
proposed with various ground plane configurations. Slots implemented to the radiating element to tune 
operating frequency to 0.835 GHz and 0.9 GHz. These antennas are designed, simulated and optimized via 
the use of full electromagnetic wave simulator, CST Microwave Studio. The optimized designs are 
fabricated, where their performances are verified by measurement in the laboratory. Parametric studies are 
performed throughout the design processes to observe the effect of the width of the shorting plate, antenna 
patch length, substrate and ground plane size towards their resonant frequencies and antenna gain 
performance. 


2. PIFA DESIGN AND PARAMETRIC STUDY 

The proposed PIFA antenna design consists of a rectangular patch that acts as a radiating element on 
the top layer as shown in the respective perspective view and top view in Figure | and Figure 2. The antenna 
patch is placed at the edge of the antenna due to the existence of a shorting plate that needed to connect the 
patch and ground plane. While, three rectangular-shaped slots are implemented only to the radiating elements 
of 0.835 GHz and 0.9 GHz PIFA, to tune operating frequency to be less than 1 GHz. Whilst, different 
approach grounding techniques have been implemented, which are partial or full ground plane to achieve the 
desired performance of the designed PIFA. All PIFAs are designed by utilizing Rogers RO4003C substrate 
with a dielectric constant of 3.38, a thickness of 0.508 mm, conductor coating of 0.017 mm and tangent loss 
of 0.0027. 

The rectangular patch has a dimension of length, Lp and width, Wp that can be designed based on 
the following (1) [9, 10]: 


Lp +Wp =< (1) 
where A is the wavelength that can be expressed as (2) [11]: 


A= 





Cc 
ft (2) 
where c, f and €, are the speed of light, operating frequency and effective relative permittivity of the 


substrate, respectively. The effective relative permittivity of the substrate, €, can be determined from (3) 
[11-14]: 


Ert1 Er—1 1 
cq = HH Hot 8 
Mec T1 


where d and €, are substrate thickness and relative permittivity, accordingly. A shorting plate has a 
dimension of Ws x Ls x Ts. Where, Ws, Ls, and Ts are the respective width, length and thickness of the 
shorting plate. The shorting plate 1s located on the left side of the PIFA antenna. This shorting plate must be 
carefully placed to ensure both patch and ground plane are linked. As a suitable feeding is important to 
ensure a well-matched antenna to produce a good performance, a coaxial feeding technique is utilized in this 
design due to its simplicity in the positioning of the feed point to adjust the input impedance level [8, 15-17]. 
The coaxial feed that consists of three layers, which are an inner conductor of a pin, dielectric and a 
conductor cover. The coaxial inner conductor, which is the pin is attached to the radiating patch, while the 
outer conductor is connected to the ground [18]. Hence, the coaxial feed is positioned close to the top left of 
the PIFA antenna, which offers the best performance for all the antennas, except antennas at frequencies 
0.835GHz and 0.9 GHz. For antennas that operate less than 1 GHz, the feed has to be positioned close to the 
centre at the end of the top patch. Thus, it means the position of feed location is important to have a good 
matching and performance including reflection coefficient, $j. 
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Figure 1. Perspective view of proposed PIFA design, which operates at: (a) 0.835 GHz and 0.9 GHz, and 
(b) 1.8 GHz, 1.9 GHz, 2 GHz, and 2.6 GHz 
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Figure 2. Top view of the proposed PIFA design: (a) 0.835 GHz (b) 0.9 GHz, (c) 1.8 GHz, (d) 1.9 GHz, 
(e) 2 GHz, and (f) 2.6 GHz 


A parametric study has been conducted on several antenna parameters including the size of the patch 
antenna, size of shorting plate, and size of substrate and ground plane. The parametric study is carried out to 
observe the performance of the antenna by focusing on the resonant frequency of each antenna. Firstly, the 
parametric study has been done on the size of the patch antenna, Lp x Wp. As initially, the PIFA patch, Lp x 
Wp is designed by using equation (1) for each antenna. However, these PIFAs with initial calculated Lp and 
Wp, and initial size of shorting plate appear to have shifted resonant frequencies to the higher band from the 
designated 0.835 GHz, 0.9 GHz, 1.8 GHz, 1.9 GHz, 2 GHz, and 2.6 GHz. Thus, a few parametric studies are 
carried out to achieve the desired resonant frequency for each antenna. Firstly, the shorting plate size is 
varied to observe its effect on the resonant frequencies. Table 1 and Figure 4 show the parametric study on 
the size of the shorting plate. 
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Figure 3. Bottom view of proposed PIFA design: (a) 0.835 GHz and 0.9 GHz, (b) 1.8 GHz, (c) 1.9 GHz and 
(d) 2 GHz and 2.6 GHz 
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Figure 4. Graph of the width of shorting plate 
versus frequency 


The width of the shorting plate, Ws is decreased from 12 mm to 2 mm, while the thickness, Ts and 
length, Ls of shorting plate are fixed to 1 mm and 0.595 mm, respectively. The variation of Ws from 12 mm 
to 2 mm is resulting in decreasing of the resonant frequency. The length of the current-line path increases 
with decreasing shorting plate width that leads to the decrement of the resonant frequency [19]. This can be 
used to initiate the desired resonant frequency that less than 3 GHz for each antenna. Thus, 2 mm is chosen to 
be used in all designs as the minimum width of the shorting plate considering the fabrication limitation. 

Next, to make the antennas’ resonant frequencies become further decrease, a parametric study on the 
size of the patch antenna is executed, as the desired resonant frequencies for all antennas have not been 
achieved. The length of the patch antenna, Lp is varied, and the width of the patch, Wp is fixed to 7 mm to 
observe its effect on resonant frequency. This process is conducted to all six antennas and the outcome for all 
antennas are similar. Table 2 and Figure 5 show the correlation between the length of the patch antenna and 
the resonant frequencies. When the length of the patch is increased from 10 mm to 52 mm with fixed Wp of 7 
mm, the resonant frequency is decreasing, which is complying with the need to further decrease the resonant 
frequency of each antenna to be less than 3 GHz. The results depict the increment of antenna patch length has 
contributed in lowering the resonant frequency as PIFA is a quarter wavelength antenna, hence by increasing 
the size of antenna patch, the wavelength increases, which causes the resonant frequency to be decreased, 
which correlated to equation (2). 

















Table 2. The changes of resonant frequencies 
based on patch length 

Lp (mm) Frequency (GHz) N 
10 3.7400 O 
15 2.7500 5 
20 2.0644 _ 
Zo 1.6580 
30 1.3982 
of eel 10 20 30 40 50 
A0 1.0535 
A5 0.9350 Length of patch (mm) 
52 0.8312 


Figure 5. Graph of the length of patch versus 
frequency 
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Afterward, the parametric study is continued specifically for 0.835 GHz and 0.9 GHz PIFA 
concerning the implementation of three rectangular slots to tune to resonant frequencies to the designated 
0.835 GHz and 0.9 GHz, which unable to be achieved with just rectangular patch radiating element. These 
three rectangular slots are placed symmetrically to the radiating element as depicted in Figure 2 (a)-(b) that 
optimized accordingly to accomplish the designated resonant frequency. The slotted radiating patch has 
meandered the excited patch surface current paths and results in lowering of the resonant frequency [20-22]. 
The larger size of the single slot at the lower position results lower resonant frequency. On the other hand, 
the slots also provide better gain, directivity, reflection coefficient and bandwidth [20, 23]. Consequently, the 
study is further continued on the effect of the ground size by considering both partial and full ground plane. 
For the partial ground plane, it can be obtained by implementing a slot, which the position of slot also affects 
the performance. Full ground plane is implemented for 2 GHz and 2.6 GHz PIFA design. However, full 
ground plane for 0.835 GHz, 0.9 GHz, 1.8 GHz, and 1.9 GHz PIFA has resulted in worst performance of $j, 
even though the resonant frequencies are achieved. Thus, the partial ground plane is introduced to 0.835 
GHz, 0.9 GHz, 1.8 GHz, and 1.9 GHz PIFA for a better antenna performance, which provides a matching 
solution to the design [24]. Hence, the size and position of the slot for the partial ground plane are optimized 
to accomplish the best reflection coefficient, S,, performance. 

A further parametric study is then carried out on for the size of the substrate since all the initial 
designed antennas’ gain do not achieve the goal, which is at least 2 dB. The width, W and length, L of the 
substrate are varied to study their effect towards the antenna gain, which executed independently for each 
antenna to accomplish 2 dB gain. The effects on the antenna gain are observed and plotted in Figure 6. From 
Figure 6, it shows that when the size of the substrate is increased, the realized antenna gain is also increasing, 
which this correlation also reported in [25]. 2.6 GHz PIFA can be noted to have the highest maximum gain of 
2.695 dB with substrate dimension of 53 mm*. Meanwhile, other PIFA antennas with lower operating 
frequency have lower gain compared to 2.6 GHz PIFA. The maximum gain of the respective 0.835 GHz, 0.9 
GHz, 1.8 GHz, 1.9 GHz and 2 GHz PIFA are 2.096 dB, 2.146 dB, 2.193 dB, 2.072 dB, and 2.028 dB with 
substrate dimension of 100 mm’, 90 mm’, 69 mm’, 69 mm”, and 68 mm”, accordingly. In addition, it can be 
observed that to achieve the designated gain of 2 dB, an antenna with lower operating has a larger size 
compared to the antenna with higher operating frequency. After all the parametric studies have been 
performed, the optimization is executed to have an optimal performance for all antennas. The finalized 
dimensions of six PIFAs are tabulated in Table 3. 
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Figure 6. Size substrate versus gain of each PIFA that operating at: (a) 0.835 GHz (b) 0.9 GHz (c) 1.8 GHz 
(d) 1.9 GHz and (e) 2 GHz (f) 2.6 GHz 
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Table 3. Dimensions of PIFA antennas 
Dimension (mm) 


Frequency Size of shorting ' Size of slot at Size of slotat Size of slot at Size of slot at 
Size of patch Size of substrate 
(GHz) plate (Woe Lp) (W xL) patch patch patch ground 
(Ws x Ls x Ts) ee 4 (Wsl xLsl) (Ws2xLs2) (Ws3xLs3) (Ws4 x Ls4) 
0.835 2x 0.595 x | 38.60 x 70.50 100 x 100 35x17 33% 17 16.5 x 42 82 x 72 
0.9 2x 0.595 x 1 35.20 x 70.00 90 x 90 35% 17 eee. we 4.5 x 34 82 x 72 
1.8 2x 0.595 x 1 13.37 x 16.70 69 x 69 - - - 69 x 49 
1.9 2x 0.595 x | 11.57 x 16.30 69 x 69 24 x 59 
2.0 2x 0.595 x 1 14.43 x 12.34 68 x 68 - 
2.6 2x 0.595 x 1 6.80 x 15.58 53 x 53 
3. RESULTS AND ANALYSIS 


The finalized designs of PIFAs are then fabricated, which the prototypes depicted in Figure 7. 
Following the fabrication, the prototypes are measured to verify their performance. All the results for both 
simulation and measurement for the proposed PIFAs are discussed in this section. Among the characteristic 
of the antenna, the power transmitted by the antenna is one of the most important characteristics, which can 
be seen through reflection coefficient, S|; performance at the input port. As discussed in parametric studies of 
shorting plate width, patch length and the presence of slot on the patch and ground that resulting in changing 
of resonant frequency with the goal to accomplish S|, performances below than -10 dB. The results of PIFAs’ 
simulated and measured reflection coefficients are presented in Figure 8. 

The proposed PIFAs exhibit the simulated reflection coefficients of -19.88 dB, -14.37 dB, -21.68 
dB, -14.8 dB, -16.87 dB, and -30.15 dB for the respective resonant frequencies of 0.835 GHz, 0.9 GHz, 1.8 
GHz, 1.9 GHz, 2 GHz, and 2.6 GHz. While their measured reflection coefficients also show the performance 
that less than -10 dB, which are -15.45 dB, -11.86 dB, -18.17 dB, -14.54 dB, -15.26 dB, and -11.38 dB, 
accordingly for each PIFA with the respective resonant frequency. The simulated and measured results are 
depicting that the proposed PIFAs have less than 10% reflected power which can be considered well perform. 
These PIFA reflection coefficients are summarized in Table 4. Besides reflection coefficient, gain is another 
characteristic that plays an important role in antenna’s performance. PIFA gain is simulated at every resonant 
frequency, which the obtained results are listed in the following Table 4. All PIFAs have achieved the 
specified gain, which is at least 2 dB. The highest gain is obtained by 2.6 GHz PIFA, which 2.695 dB. 
Whilst, other 0.835 GHz, 0.9 GHz, 1.8 GHz, 1.9 GHz, and 2 GHz PIFAs depict the respective gain of 2.096 
dB, 2.146 dB, 2.193 dB, 2.072 dB, and 2.028 dB. The gain’s good performance has been achieved by 
increasing the size of the substrate antenna as shown by the parametric study that plotted in Figure 6. 





(d) (f) 


Figure 7. Fabricated PIFA antennas, which operate at respective operating frequency of: (a) 0.835 GHz 
(b) 0.9 GHz (c) 1.8 GHz (d) 1.9 GHz (e) 2 GHz and (f) 2.6 GHz 
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Figure 8. Simulation and measurement results of PIFA reflection coefficient, $),: (a) 0.835 GHz (b) 0.9 GHz 
(c) 1.8 GHz (d) 1.9 GHz (e) 2 GHz and (f) 2.6 GHz 


The next concern is the radiation pattern of the proposed PIFAs that assessed through simulation in 
CST Microwave Studio. Generally, the results of radiation patterns at E-plane for all six PIFAs, which 
presented in Figure 9 demonstrate a nearly omnidirectional beam, which indicating the proposed PIFAs are 
suitable for mobile antennas applications. The patterns are almost omnidirectional for 0.835 GHz, 0.9 GHz, 
1.8 GHz, 1.9 GHz, 2 GHz and 2.6 GHz PIFAs, which show that the proposed PIFAs have performed well at 


all the operating frequencies. 
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Figure 9. Radiation patterns of the PIFAs that operate at: (a) 0.835 GHz (b) 0.9 GHz (c) 1.8 GHz (d) 1.9 GHz 


(e) 2 GHz and (f) 2.6 GHz 
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Table 4. Performances of PIFAs’ reflection coefficients, $;, and gains 
Frequency Si; (dB) 


(GHz) Simulation Measurement Gained) 

0.835 -19.88 -15.45 2.096 
0.9 -14.37 -11.86 2.146 
1.8 -21.68 -18.17 2.193 
1.9 -14.80 -14.54 2.072 
2.0 -16.87 -15.26 2.028 
2.6 -30.15 -11.38 2.695 


4. CONCLUSION 

The designs of PIFAs that operated at the respective resonant frequencies of 0.835 GHz, 0.9 GHz, 
1.8 GHz, 1.9 GHz, 2 GHz, and 2.6 GHz have been presented. Parametric studies have been performed on 
several antenna design parameters to achieve the optimal performance concerning the resonant frequencies 
and the gain. The parametric study results concluded that the size of the patch antenna and shorting plate on 
patch and ground of antenna have affected the resonant frequencies, while the size of substrate and ground 
have affected the antenna gain performance. The presence of slots at the radiating element has enabled the 
tuning of resonant frequency to be lower than 1 GHz, which are 0.835 GHz and 0.9 GHz. Meanwhile, the 
design also considered the full and partial ground plane. The existence of the partial ground for 0.835 GHz, 
0.9 GHz, 1.8 GHz, and 1.9 GHz PIFA have improved matching that allows for better performance of 
reflection coefficient. The proposed PIFAs have reflection coefficients less than -10 dB, gain better than 2 dB 
and nearly omnidirectional radiation pattern. Therefore, the proposed PIFAs with different ground plane 
techniques in this article exhibit suitability for mobile applications. 
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